Introduction
[2] The Tokai region is located at the northern end of the Philippine Sea plate (PH), which is subducting beneath the Japan islands along the Suruga-Nankai trough (Figure 1 ). At the trough, interplate thrust earthquakes of magnitude 8 recur with an interval of nearly 100 years [Ando, 1975b; Sangawa, 1993] . The source region of the latest event, 1944 Tonankai earthquake, extends from southeast off Kii peninsula to the Shima peninsula along the Suruga-Nankai trough [e.g., Kikuchi et al., 2003] . The northern part of the trough remains unbroken (''Expected Tokai EQ'' in Figure 1 ), though the coseismic slip in the previous events are thought to extend into the northern segment [e.g., Ando, 1975b] . Thus the Tokai earthquake is anticipated in the near future in this region [Ando, 1975a] .
[3] Recent seismological and geodetic observations have revealed that there are more diverse natural phenomena in subduction zones than it had been previously thought. These are nonvolcanic deep low frequency tremors [Obara, 2002; Katsumata and Kamaya, 2003] , slow slip events (SSE) [e.g., Hirose et al., 1999; Dragert et al., 2001; Ozawa et al., 2002; Sagiya, 2004] , and very low frequency earthquakes [Obara and Ito, 2005; Ito and Obara, 2006] . Among these events, the Tokai SSE [Ozawa et al., 2002] is particularly interesting because the slip region is adjacent to the expected source area of the Tokai earthquake (Figure 1 ) and the SSE might promote the occurrence of the earthquake.
[4] In the Cascadia margin, Rogers and Dragert [2003] found interesting episodes called episodic tremor and slip (ETS), in which the SSE is accompanied by nonvolcanic tremor activity. A similar phenomenon has also been found in western Shikoku, southwest Japan [Obara et al., 2004; Hirose and Obara, 2005 ], but has not been identified in the other regions within the widely distributed belt-like tremor zone [Obara, 2002] . In this paper, we report that episodes of SSE and tremors have also repeatedly occurred in the Tokai region, central Japan. These episodes suggest that ETS is a characteristic behavior of the deeper region of the subducting plate boundary where nonvolcanic tremor occurs along the Nankai trough.
Observation and Data Analysis
[5] We observe slow crustal deformation associated with the tremor activity using a tiltmeter equipped with a highsensitivity seismometer at NIED Hi-net stations . Tiltmeter signals are originally recorded with a sampling frequency of 20 Hz. These records are resampled so that we obtain a one hour sampling interval. In conjunction with hourly atmospheric pressure data provided by the Japan Meteorological Agency (JMA), we then estimate both tidal components and a response to the atmospheric pressure contained in the tilt records by applying BAYTAP-G [Tamura et al., 1991] . Subtracting the tidal components and the atmospheric pressure response from the original record, we can determine if any transient signal is present in the data.
[6] Time variations of the tilt record due to a shortterm SSE are characterized by a slow rise lasting for a few days and small amplitude typically less than 0.1 rad [Obara et al., 2004; Hirose and Obara, 2005] . In addition, adjacent stations also record a similar deformation with almost the same time duration. In some cases the onset of the slow tilt change is slightly different at each station, indicating a propagation of the slow slip [Hirose and Obara, 2005] .
[7] The tilt record usually contains a long-term drift, which is not dealt with in this study. To illuminate the slow transient tilt signal from the detided record with a drift, we first fit two lines which have the same slope on the detided time series, one for the time period before the slow slip episode, the other for that after the episode. Then we subtract the trend from the detided record. The tilt offset between the two time periods before and after the transient episode can be calculated simultaneously in the detrend procedure. A set of such tilt offsets recorded by several stations are inverted to estimate a slip on a plane rectangular fault using Okada's [1992] formulation. The processing of the tilt records conducted in this paper is the same as that in the paper by Hirose and Obara [2005] .
[8] The tremor signals are recorded by the high-sensitivity seismometer at the NIED Hi-net stations. To clarify these signals, original 100 Hz sampling data are converted into envelope waveforms, which are RMS traces of bandpass filtered seismograms. The tremor signal is indicated by coherent envelopes over several neighboring stations. Using such a waveform similarity, the source of the tremor is located by the envelope correlation method [Obara, 2002] . In this procedure, a tremor location is estimated once per minute. We then select well-located tremors, and count the number of events per day as a measure of the tremor activity.
Slow Slip Events and Tremors in the Tokai Region
[9] By the end of 2004, we detected short-term episodes of the tilt transients and the accompanying tremor activity in two areas in the Tokai region: One occurs near the Shima peninsula (northern part of the Kii peninsula) in the end of November, and the other near Nagoya, Aichi area in December (locations are shown in Figure 1 ).
[10] Figure 2a shows the time series of the tiltmeter records at Hi-net stations near the Shima peninsula. These records show that the slow deformation started on 29 November 2004 (JST) and seemed to last for 2 -3 days. A maximum tilt change of approximately 0.1 mrad, down in the WNW direction is recorded at the station MASH (Figure 3) . On the other hand, the record at WATH, southern part of the peninsula, shows almost purely southward down tilt. These variations in the tilt direction indicate that the maximum ground uplift is centered north of WATH near MASH. Unfortunately, a large disturbance on the tilt records between the 4th and 5th of December due to the passage of a low atmospheric pressure front prevents us from determining the termination of this transient deformation, even after the application of the atmospheric pressure correction. We assume this episode ends on 1 December 2004 (Table 1) .
[11] The low-frequency tremor became active on the same day as the slow tilt changes began, and lasted for six days ( Figure 2a and Table 1 ). The results of the tremor source locations show that the tremors are distributed on the northwest part of the Shima peninsula (near the station URSH and MASH) on 29 and 30 November ( Figure 3 ) and the foci of the tremors migrate to the southwest throughout the episode along the strike direction of the subducting plate surface.
[12] The estimated slow slip fault model is shown in Figure 3 with the tremor locations which occurred during the same time period as the tilt transient. The slip region is located beneath MASH and URSH, northwest part of the peninsula with averaged slip of about 1.2 cm (the released seismic moment corresponds to a moment magnitude of 5.9). The depth, strike and dip angle of the fault are consistent with the configuration of the plate interface. The slip area correlates with most of the tremor locations on 29 and 30 November. On 1 December a decrease in the tilt change rate is seen at most stations (Figure 2a ). This corresponds to the migration of the tremors to the south as noted above. This means that the observed transient tilt changes mainly reflect the twoday-long ETS activity in the northwest part of the Shima peninsula (Figure 3) , and both the tremor and the SSE might migrate to the south, though this southern SSE has not been identified because of an insufficient signalto-noise ratio and inadequate tiltmeter station coverage in this area.
[13] In December 2004, we detected another ETS episode in the Aichi area. Figure 2b shows the detided tilt records and the tremor activity in the area. In this episode, the tremor activity and the tilt changes started on 17 December and seemed to last for 4 -5 days. The observed tilt changes are very small, a maximum of 0.06 rad. The tilt vectors show a radial pattern in spatial distribution which is centered near the station OKZH (Figure 4a ). This indicates that the center of the uplift region is located there, which could be caused by reverse fault slip at depth. Open arrow shows the relative plate convergence direction of PH with respect to AM . Contour lines denote the plate boundary depth inferred from microearthquake distribution along subducting PH [Ishida and Sakanashi, 2003 ].
[14] The locations of the inverted fault and the tremors show that the main activity is concentrated in the central part of the Aichi area, near OKZH (Figure 4a ). The depth of the upper end of the fault is estimated to be 35 km with an uncertainty of several kilometers. The estimated fault location suggests that the slow slip event occurs on the subducting plate interface.
[15] In July 2005, the following episodes took place in the two areas in the Tokai region (Table 1 ). The tilt records show that in the Shima peninsula area a slow transient signal similar to those in Figure 2a [Rogers and Dragert, 2003] and in western Shikoku, southwest Japan [Obara et al., 2004; Hirose and Obara, 2005] .
[ (Figure 4b ). The change in the tilt direction is also observed at STRH and THNH. These may suggest that there are at least two areas Traces with four-character station code followed by 'N' and 'E' denote the northward and eastward ground down components, respectively. The bottom three records show the tremor activity, the atmospheric pressure change, and the precipitation, respectively. The meteorological records are observed at Tsu (Figure 2a ) and Nagoya (Figure 2b ), respectively. Dotted lines depict the identified time period for each SSE.
where ETS episode is likely to occur, 'SSE patches' [Hirose and Obara, 2005] .
Discussion
[17] The short-term SSE and the correlated tremor episode have been detected not only in the western Shikoku region, southwest Japan [Obara et al., 2004; Hirose and Obara, 2005] , but also in the Tokai region, central Japan. Although there are still some regions where the tremor is observed but the SSE has not been identified, the observations reported in this paper may suggest that the coincidence between the SSE and the tremor could be a characteristic behavior at the deeper part of the subduction zone along the whole tremor belt in southwest Japan [Obara, 2002] .
[18] The recurrence of SSE provides us with another important source of information about the nature of SSE. As mentioned above, SSE with tremor occurred in November 2004 and July 2005 near Shima peninsula and the slip area for both episodes is almost identical. Moreover, the tiltmeter record at MASH shows several recurrences of ETS with an average interval of six months [Obara and Hirose, 2006] . Recall that the estimated slip in each episode is 1-2 cm and the ETS takes place roughly twice a year. This means that the annual displacement released by means of SSE is 2 -4 cm. Taking an uncertainty in the slip estimation into account, this amount is quite comparable to the relative plate convergence rate . This indicates that the SSEs may be the process of strain release which is accumulated by the relative plate motion. This may also support the idea that the SSEs may occur on the subduction plate interface which is estimated by the SSE fault inversion.
[19] Although the frequency of ETS activity in the Aichi area is not well known, two episodes were observed with an interval of seven months, and they seem to occur twice a year. We found two spots where ETS could happen every one year with out of phase occurrence. In addition, the amount of slip in each event is almost the same as the Shima peninsula case. This means that the Aichi ETS is half as frequent than the Shima ETS. This variation in ETS activity might be affected by the reduced convergence rate at the northernmost part of the Suruga-Nankai trough in comparison with the rest of the trough . The other factor which may affect the ETS activity is the Tokai long-term SSE [Ozawa et al., 2002] , which has lasted for over five years in the southeast portion of the Aichi ETS area (Figure 1) . The possible connection between the shortand the long-term SSEs is suggested from similar activity in the western Shikoku area, southwest Japan, where an increase in frequency of the short-term SSEs is observed during the adjacent long-term SSE in the Bungo channel [Hirose and Obara, 2005] . If this is the case, the Aichi ETS activity is expected to decrease in its frequency after the termination of the Tokai long-term SSE.
Conclusion
[20] We detected new ETS events occurred in 2004 and 2005 in the Tokai region, central Japan. These events last for 2-3 days. The SSE equivalent magnitudes are of M w $ 6.0. These ETS recur quasi-periodically with the recurrence interval of about six months. These episodes, in addition to the previously reported events in western Shikoku, southwest Japan, suggest that the ETS is a characteristic behavior at the plate boundary along the tremor belt zone in the Nankai trough subduction zone. The recurrence features of ETS suggest that the short-term SSE may be the process of strain release which is accumulated by the relative plate motion. This means that the frequency of ETS episodes may be partly controlled by a plate convergence rate.
